The arsenate (AsO 4 ) and phosphate (PO 4 ) mobility in aerobic soil is affected by soil organic matter (OM). This study was set up to quantify the interaction between OM and AsO 4 with an observational, experimental and computational approach. The adsorption of AsO 4 was measured with the radiotracer 73 AsO 4 in samples taken from different horizons of two soil profiles. In four samples, the OM concentration was increased experimentally. The AsO 4 adsorption data were analysed with the CD-MUSIC model using ferrihydrite, with OM as competitor and isotopically exchangeable phosphorus of the soil as the total PO 4 bound on the reactive surface. The solid-liquid distribution coefficient (K D ) of 73 AsO 4 increased by more than two orders of magnitude with a decrease in total organic carbon (OC) concentration. The addition of Suwannee River OM (∼ 1 g OC kg -1 ) to samples with small OC (∼ 2 g kg -1 ) decreased the K D values 15-fold, whereas the effect was less (two-fold) in samples with a large OC (∼ 30 g kg -1 ). Soluble AsO 4 and PO 4 could be described well and simultaneously by introducing surface reactive OM (RO − ) as an adjustable parameter in the geochemical model. The fitted RO − increased with increasing OC concentration, with a slope of 1.3 ± 0.15 mmol RO − g -1 OC. The amount of RO − expressed per mol iron (Fe) and aluminum (Al) hydroxides was maximum at a molar ratio of ∼ 0.34 at > 10 g OC kg -1 soil, which corresponds to earlier published capacities of an organo-mineral association that might affect potential soil C sequestration. Our research showed that OM enhanced the mobility of AsO 4 and PO 4 ; however, the surface reactive OM fraction needs experimental quantification.
Summary
The arsenate (AsO 4 ) and phosphate (PO 4 ) mobility in aerobic soil is affected by soil organic matter (OM). This study was set up to quantify the interaction between OM and AsO 4 with an observational, experimental and computational approach. The adsorption of AsO 4 was measured with the radiotracer 73 AsO 4 in samples taken from different horizons of two soil profiles. In four samples, the OM concentration was increased experimentally. The AsO 4 adsorption data were analysed with the CD-MUSIC model using ferrihydrite, with OM as competitor and isotopically exchangeable phosphorus of the soil as the total PO 4 bound on the reactive surface. The solid-liquid distribution coefficient (K D ) of 73 AsO 4 increased by more than two orders of magnitude with a decrease in total organic carbon (OC) concentration. The addition of Suwannee River OM (∼ 1 g OC kg -1 ) to samples with small OC (∼ 2 g kg -1 ) decreased the K D values 15-fold, whereas the effect was less (two-fold) in samples with a large OC (∼ 30 g kg -1 ). Soluble AsO 4 and PO 4 could be described well and simultaneously by introducing surface reactive OM (RO − ) as an adjustable parameter in the geochemical model. The fitted RO − increased with increasing OC concentration, with a slope of 1.3 ± 0.15 mmol RO − g -1 OC. The amount of RO − expressed per mol iron (Fe) and aluminum (Al) hydroxides was maximum at a molar ratio of ∼ 0.34 at > 10 g OC kg -1 soil, which corresponds to earlier published capacities of an organo-mineral association that might affect potential soil C sequestration. Our research showed that OM enhanced the mobility of AsO 4 and PO 4 ; however, the surface reactive OM fraction needs experimental quantification.
Introduction
Arsenic (As) is toxic, therefore, assessment of As migration in soil is required to evaluate the possible risk to the soil and aquatic ecosystems of sources of contamination. To quantify the mobility of As in soil, an understanding of the processes that determine its solubility is essential. In particular, interactions between the solid and dissolved organic matter and As in soil are difficult to quantify may interact with soluble Fe(III) or with Fe hydroxide nanoparticles, leading to organo-mineral colloids to which AsO 4 can bind (Sharma et al., 2010; Mikutta & Kretzschmar, 2011) . Finally, the presence of OM can stimulate microbial activity, leading to reductive dissolution of Fe(III) hydroxides or reduction of As(V) to As(III), which in general shows weaker sorption (Redman et al., 2002; Hamon et al., 2004) .
The main inorganic species that affect AsO 4 adsorption are phosphate (P(V), further denoted as PO 4 ) anions because of the competition for binding sites and electrostatic interactions (Livesey & Huang, 1981; Smith et al., 2002) . Less competitive effects were reported for sulphate (SO 4 2 − ) and bicarbonate (HCO 3 − ) (Appelo et al., 2002; Gustafsson, 2006) . The effects of pH on AsO 4 sorption in soil are relatively small in the pH range 3.5-7.5. Different factors might influence the dependence on pH; one of these is the specific adsorption of Ca 2+ (Cui & Weng, 2013) . As the pH increases, Ca 2+ binding will counteract negative particle charges that would otherwise suppress the adsorption of AsO 4 (Smith et al., 2002; Weng et al., 2009) .
To predict the solubility of AsO 4 , statistical models that relate sorption strength to soil properties or multi-surface geochemical models can be used. De Brouwere et al. (2004) constructed a multiple linear regression model to predict the 73 AsO 4 solid-liquid distribution coefficient (K D ) from soil properties with R 2 of 0.855, tested on the same dataset (n = 30) used for calibration. Groenenberg et al. (2012) calibrated and validated an empirical C-Q relation (solution concentration (C) related to solid phase concentrations (Q) and soil properties), resulting in reasonable predictions with a root mean square error (RMSE) of 0.68 on As solution concentrations transformed to common logarithms (log 10 ). Subsequently, they compared the empirical model with predictions of a fully calibrated multi-surface model, which performed less well (RMSE of 1.02), probably because it did not take the effect of OM on the solubility of As into account.
Organic matter-mineral associations have a complex nature and mechanistic modelling of OM adsorption is challenging. To model the OM-AsO 4 competition in soil, Gustafsson (2006) created reactive organic matter (i.e. sorbed on to Fe and Al hydroxides) by defining a soluble component that can adsorb by a ligand exchange reaction with a hypothetical log 10 K value. A similar approach was used by Hiemstra et al. (2010) , but they defined reactive organic matter directly by using only a surface component. Later, Hiemstra et al. (2013) refined the concept to enable inner and outer sphere complexation with singly coordinated surface groups and protonation of the adsorbed OM species. The reactive component, here abbreviated with RO − , affects oxyanion adsorption by reducing the available number of sites and by changing the particle charge, but the distribution of organic matter between solid and solution is not predicted explicitly. The studies mentioned above used the RO − concentration as an adjustable variable to predict the AsO 4 or PO 4 concentrations in solution and their dependence on pH, for a given AsO 4 or PO 4 loading (i.e. the amount of AsO 4 or PO 4 bound on the reactive surfaces). There was a positive relation between the concentration of RO − calculated and the pyrophosphate-extractable or total organic carbon concentration of the soil, which suggests that the competing organic matter might be humic in nature. From the published data, we calculated that the reactive OM used to describe AsO 4 or PO 4 adsorption ranged between about 0.2 and 2 mmol g −1 organic carbon (based on total organic carbon measurements). The role of reactive organic matter in geochemical modelling is mainly taken into account by examining PO 4 adsorption (Hiemstra et al., 2010 (Hiemstra et al., , 2013 Cui & Weng, 2013; Regelink et al., 2015) . Only Gustafsson (2006) has used this approach with data on AsO 4 sorption, which restricts our knowledge of the method being tested with AsO 4 to four soil samples originating from three different soil types. Our present study is set up to understand and quantify better the role of OM in AsO 4 adsorption in soil. An observational study of soil samples with a large, natural gradient in total organic carbon was combined with an experimental study in which organic matter concentration of selected soil samples was increased. Adsorption of AsO 4 and PO 4 on the native (original) and OM-amended samples was evaluated simultaneously with the CD-MUSIC model calibrated for ferrihydrite (available in Visual minteq, version 3.1 (Gustafsson, 2015) ).
Materials and methods

Soil samples and soil properties
Twenty-nine soil samples were collected. First, two soil profiles in agricultural grassland were sampled; two 3-m-deep soil pits were excavated. Samples were taken from different depths: nine samples were taken in the first soil pit and seven samples in the second soil pit. The soil is classified as a Stagnic Luvisol, which has formed on the Gault clays and marls in NE France (Crespy-le-Neuf, 48 ∘ 24 ′ 11 ′′ N, 4 ∘ 37 ′ 44 ′′ E). Second, eight soil samples were taken from the surrounding area of the soil pits and were sampled between 0 and 60 cm below the surface. Finally, five samples from other soil types and locations were added to the analysis to expand the range of soil characteristics; these were sampled between 0 and 30-cm soil depth (details in Table S1 , Supporting Information). The samples were labelled either P1 or P2 for profile 1 or 2, respectively, followed by the average sampling depth. The additional samples have the prefix S. All samples were sieved at 2 mm, air-dried and homogenized with a mortar prior to analysis.
The total As concentration of the soil was determined with an aqua regia soil digest (3:1 ratio of concentrated HCl : HNO 3 ) and by inductively coupled plasma-mass spectrometry (ICP-MS, Agilent 7700x, Agilent Technologies, Santa Clara, CA, USA), with helium gas used in the collision cell to remove interference. Amorphous Fe, Al, manganese (Mn) and associated phosphorus (P) and As were determined in a 0.2-m ammonium oxalate extract at pH 3 (solid : liquid ratio 1:50, 2 hours equilibration in darkness) by ICP-MS (Schwertmann, 1964) . For 12 samples, the isotopically exchangeable phosphorus concentration (P E ) of the soil was measured by the method of Maertens et al. (2004) , which is an adapted method for soil with a small P concentration in solution. Briefly, a soil suspension with 3 g of soil and 30 ml of 5 mm Ca(NO 3 ) 2 was spiked with 33 P (as PO 4 , Perkin Elmer, Waltham, MA, USA) to a final concentration of about 7 kBq ml -1 . After 6 days of end-over-end shaking, two anion exchange membranes (AEM) were added to the suspension, and were retrieved after 1 day of equilibration. The membranes were eluted for 1 day in 20 ml 0.5 m HCl, -activity (0-248 keV; TriCarb 2800TR liquid scintillation analyser, Perkin Elmer Life and Analytical Sciences, Shelton, CT, USA), and the total P in solution was measured by ICP-MS. The isotopically exchangeable P (in mg P kg -1 ) was calculated as:
where A AEM is the specific activity of P on the AEM (Bq mg -1 P), R is the total amount of radioactivity introduced (Bq) and W is the mass of the soil sample (kg).
The total organic carbon (OC) concentration of the soil samples was determined by thermal oxidation at 900 ∘ C, followed by gas chromatographic measurements of the CO 2 generated (EA 1110, CE instruments, Wigan, UK) after removal of carbonates with a 5% HCl solution. Soil pH was measured in a 5-mm Ca(NO 3 ) 2 extract with a liquid:solid ratio of 10. The carbonate content (CaCO 3 ) was determined by measuring the pressure that developed after the addition of concentrated HCl to the soil in closed containers to which FeSO 4 was added as a reducing agent (Allison & Moodie, 1965) . The effective cation exchange capacity (eCEC) was determined in a 0.0166-m cobalt hexamine (Cohex) extract (ISO23470, 2007) , as the difference between total Co added and Co measured in the extract, with inductively coupled plasma-optical emission spectrometry (ICP-OES, Optima 3300x, Perkin Elmer, Waltham, MA, USA).
Adsorption of As(V)
The adsorption of AsO 4 was measured as the solid-liquid distribution of a trace amount of added AsO 4 with a single point addition of 73 AsO 4 (Oak Ridge National Laboratory, Oak Ridge, TN, USA). A soil suspension of 2.5 g soil in 24 ml 5 mm Ca(NO 3 ) 2 was spiked with 1 ml 73 AsO 4 to an initial concentration of 1.7 kBq ml -1 . In strongly As-sorbing soil, solution activity concentrations were below the background level and some samples were spiked again with larger doses to a maximum of 27 kBq ml -1 . After 7 days of end-over-end shaking, the samples were centrifuged at 3000 g for 30 minutes, followed by measurement of activity (15-70 keV; Packard COBRA Auto-gamma A5003, GMI, Ramsey, MN, USA). The K D value for 73 AsO 4 adsorption (in l kg -1 ) was calculated as:
where i and f are the total initial and final activity, respectively, of the added 73 As (Bq) in solution, W is the mass of the air-dry soil (kg) and V is the volume of the solution (l). The total As added with this method never exceeded 0.3 μmol As kg -1 soil (based on nominal specific activity and known impurity of stable As, given by supplier), which is well below the total As concentration of the soil (minimum 10 μmol As kg -1 soil). A preliminary test was carried out on eight samples to compare the K D value measured with the radio assay and that measured with stable AsO 4 by ICP-MS (File S1, Supporting Information).
Effect of the addition of organic matter on AsO 4 adsorption
To evaluate the effect of adsorbed organic matter on 73 AsO 4 K D values, Suwannee River natural organic matter (SRNOM; purchased from the International Humic Substances Society, St. Paul, MN, USA) was added to four soil samples with contrasting OC concentration (1.9-39 g kg -1 ). A soil suspension of 2.5 g soil and 25 ml 5 mm Ca(NO 3 ) 2 was amended or not amended with SRNOM. The initial dissolved organic carbon (DOC) concentration in the OM-enriched solution was 380 mg l -1 , measured as the non-purgeable organic carbon (NPOC) by catalytic combustion and infrared detection of CO 2 (Multi NC-2100, AnalytikJena, Jena, Germany). After the addition of OM and 1 day of equilibration, the pH was measured and adjusted by adding small amounts of 0.5 m Ca(OH) 2 or 1 m HNO 3 , to either the original soil pH or to a pH value in the range 5-7.5 to evaluate the effect of pH on the adsorption of AsO 4 . Seven days after the addition of OM, the samples were centrifuged for 30 minutes at 3000 g, the electrolyte solution was replaced with 24 ml fresh 5 mm Ca(NO 3 ) 2 and DOC was measured in the discarded solution. At that time, the soil suspensions were spiked with 73 AsO 4 to measure the K D values following the same protocol as described above, but with additional measurements of DOC and pH. The concentration of OC adsorbed was calculated from the difference between the DOC added initially and the sum of residual DOC after 7 (before changing the electrolyte solution) and 14 days (end of experiment). The residual DOC in the OM-amended samples was corrected for DOC in the unamended samples. 
Modelling arsenate sorption
11 × log 10 Fe ox -1.45 × log 10 P ox , (3) with the oxalate-extractable Fe (Fe ox ) and P (P ox ) in mmol kg -1 . In addition, a new statistical model was calibrated. The distribution of the K D values was skewed (skewness coefficient 1.5) and was transformed to log 10 (skewness coefficient -1.0). The soil properties selected for the statistical model were aqua regia extractable As (As ar ), pH, OC, Fe ox , Al ox , Mn ox , P ox , CaCO 3 and eCEC; they were all log 10 -transformed except for eCEC and pH (details of skewness in Table S2 , Supporting Information). The OC of samples with values below the detection limit (1 g kg -1 ; n = 2) was included in the statistical analysis but fixed at the detection limit. The CaCO 3 content of samples with values below the detection limit (1%; n = 22) was also included in the analysis and the values were fixed at 0.01%. A stepwise multiple regression model was formed by a forward selection of soil properties with a P-value threshold of 0.01 (jmp 12.2.0, SAS, Cary, NC, USA). The coefficients of the multiple regression model obtained are derived with least squares regression and a variable is included in the model when the coefficient of the variable is different from zero at a significance level of 0.01. The residuals of the selected model were tested for normality and homoscedasticity.
Second, the 73 AsO 4 K D values were modelled with the CD-MUSIC model (Hiemstra & van Riemsdijk, 1996) . This was done for 12 selected soil samples with contrasting K D values and for which additional measurements were made, such as the isotopically exchangeable P concentration of the soil, total dissolved As, P, silicon (Si), calcium (Ca) (ICP-MS) and sulphate (SO 4 2 − ; anion chromatography, ICS2000, DIONEX, ThermoFischer Scientific, Waltham, MA, USA). All dissolved concentrations were measured in a 1:10 solid-liquid soil suspension with 5 mm Ca(NO 3 ) 2 after centrifugation for 30 minutes at 3000 g. The adsorption site capacity of the soil samples was calculated with a simplified approach by summing the Fe ox and Al ox concentrations on a molar base and further with the molecular mass and specific surface area (SSA) of ferrihydrite for both Fe and Al hydroxides (i.e. 89 g mol -1 hydroxides and 650 m 2 g -1 hydroxides) ). Next, the hydroxides were modelled both with a fully parametrized ferrihydrite model, which uses the above reported molecular mass, and SSA for ferrihydrite (Tiberg et al., 2013) . Tables S3 and S4 in Supporting Information give the surface complexation reactions and model parameters used. For arsenate surface complexation, the parameters are based on data from Gustafsson & Bhattacharya (2007) and the parameters for phosphate are based on data from Tiberg et al. (2013) , which are both consistent with those of Hiemstra & Zhao (2016) . The OM competition was implemented as described by Gustafsson (2006) . The modelling was carried out with the Visual minteq (Stockholm, Sweden) speciation program with updated and expanded thermodynamic databases from the NIST Critical Stability Constants database (Gustafsson, 2015) .
Various input data have been used. Total sorbed As was based on the oxalate-extractable concentration and total sorbed P on the isotopically exchangeable P concentration (P E ) to avoid overestimation of the P bound on the reactive surface. Overestimation of the total As sorbed with As ox is negligible because of small As ox concentrations in the samples (maximum 0.2% of the total sorption capacity). Silicic acid (H 4 SiO 4 ) adsorption was included by fixing the solution concentration on the measured values (0.06-0.18 mm, mean 0.1 mm); the same was done for SO 4 2 − (< 0.01-0.13 mm, mean 0.03 mm) and Ca 2+ (3.9-7.7 mm, mean 5 mm). The CO 2 pressure in the system was assumed to be ten times the atmospheric value and nitrate (NO 3 − ) was fixed in solution on the concentration added in the radioassay (10 mm). The pH was set to the measured values. Organic matter adsorption on ferrihydrite is conceptualized as a surface complexation of a dissolved humic functional group (reactive organic matter; RO − ) with a sufficiently large virtual value for the reaction constant (log 10 K = 25) to ensure that all reactive organic matter defined for the system is practically adsorbed (Gustafsson, 2006 − concentrations possibly reflect differences in site concentration of the hydroxides of the different soil samples because the RO − concentration only was used as an adjustable variable, whereas the structural surface parameters of Fe and Al hydroxides were assumed to be equal and constant for all samples. Table 1 shows selected properties of the soil samples (full details in Table S5 , Supporting Information). Oxalate-extractable As was on average 32% of the corresponding aqua regia soluble concentration. The isotopically exchangeable P (P E ) in the selected samples (n = 12) was on average 50% of oxalate-extractable P. In one sample, the P concentration in the solution extracted from the anion exchange membranes was below the limit of quantification of the method (0.2 μm); therefore, for this sample the P E value was set to half the P ox value. The OC concentration of soil profiles 1 and 2 decreased markedly with soil depth from 40 g kg -1 to < 1 g kg -1
Results
Soil samples
( Figure 1a) .
Adsorption of As(V)
The total dissolved As and P concentrations in the Ca(NO 3 ) 2 extracts were measured in a subset of 12 native samples; the values ranged from < 0.001 to 0.046 μm for As and from < 0.1 to 30.2 μm for P. The 73 AsO 4 K D values increased by more than two orders of magnitude with soil depth in both soil profiles (Figure 1b ), which coincides with the decrease in OC concentration. Correlation analysis of all measured soil properties showed that the log 10 -transformed 73 AsO 4 K D values correlated most strongly with log 10 -transformed OC concentration (r = −0.65). By scaling K D to Fe ox , the correlation with OC increased (both were log 10 -transformed; r = −0.88; Figure 2 ). The correlation suggests that increasing OC by a factor of 50 (from 1 to 50 g kg -1 ) decreases the adsorption of AsO 4 by a factor of 1000.
Effect of the addition of organic matter on AsO 4 adsorption
The fraction of added OM adsorbed to the soil is about 30%, which is similar for all samples and equivalent to an increase in OC concentration in the range 0.7-1.8 g kg -1 . The addition of OM to soil samples with small initial OC concentration (∼ 2 g kg -1 ) decreased the K D value for 73 AsO 4 adsorption 4-to 15-fold at the original soil pH ( Table 2 ). The effect of the addition of OM was greater than that of different pH values on 73 AsO 4 K D values ( Figure S2 , Supporting Information), with a maximum change in K D by a factor of two across the pH range tested. The addition of OM to soil samples with an initially large OC concentration (∼ 30 g kg -1 ) decreased the K D values less. (Table 3) . This resulted in a perfect fit of predicted to observed K D (results not shown).
Geochemical modelling
Modelled As and P concentrations in solution were compared with the measured values (Figure 4 ) to evaluate this model approach. The modelled As concentrations reflect the ability of the 73 AsO 4 K D values and the oxalate-extractable As concentration of the soil to predict the As concentrations in solution because the model was calibrated on these measured K D values. The modelled P concentrations, however, can be regarded as real predictions because they result from the input variables P E and fitted RO − on the 73 AsO 4 K D s. The absolute average deviation of predicted log 10 As Predicted values plotted against observed values are on a log-log scale. Limit of quantification for As measurements was 1 × 10 -9 m and five out of 12 samples were below this limit, but are included in the graph. The same was done with the P concentrations, with six out of 12 samples below 1 × 10 -7 m. concentrations from the observed ones was 0.2 log 10 m, taking into account that five of the 12 samples were below the limit of quantification (0.001 μm). The log 10 P concentrations in solution were predicted simultaneously with the log 10 As concentrations with an absolute average deviation of 0.2 log 10 m (six of the 12 samples were below the limit of quantification, 0.1 μm). The effect of OM addition (n = 4) on K D was modelled starting from the fitted RO − and K D of the unamended sample, followed by increasing RO − to obtain the K D of the amended sample. The difference in RO − between amended and unamended soil, here termed the ΔRO − , denotes the added reactive organic matter. This fraction ranged from 0.6 to 5.4 mmol RO g -1 OC (Table 3) , per unit of adsorbed OC, with larger reactivity of added OM in samples with small initial OC concentration.
For all 12 native and four OM-amended samples, the fitted RO − increased with increasing total soil OC concentration (Figure 5a) , with a slope (± standard error) of 1.3 ± 0.15 mmol RO − g -1 OC in a no-intercept model. In samples with smaller OC concentrations, however, there is more deviation from this relation. The molar fraction of the oxalate-extractable Fe and Al hydroxides occupied by RO − also increased with soil OC concentration and shows a Langmuir-like saturation pattern (Figure 5b ) with a maximum of 0.34. This number can be compared with the theoretical maximum when all singly coordinated FeOH sites are occupied by reactive RO − . In this case, the molar ratio of the maximum RO − surface concentration (mol kg -1 ) and the amount of Fe ox + Al ox extracted with ammonium oxalate solution (mol kg -1 ) can be written as:
where N s is the site density of the Fe and Al oxides (10.4 × 10 −6 mol m −2 ), A is the specific surface area (650 m 2 g -1 oxide) and M is the applied molar mass (89 g mol -1 Fe ox + Al ox ). This leads to a maximum molar ratio of RO − max :(Fe ox + Al ox ) = 0.60. If this value is compared with our observed maximum ratio of 0.34, it suggests that around 56% of the singly coordinated surface sites can be occupied with RO − at large OC concentrations (> 10 g OC kg -1 ).
Discussion
Arsenic adsorption
The measured AsO 4 adsorption K D values in subsurface soil samples with small OC concentrations (< 10 g kg -1 ) are probably among the largest ever reported for As in soil (up to 70 000 l kg -1 ) because they were detected with the radio-assay. The selected samples have a small molar ratio of As ox :(Fe ox + Al ox ) (on average 0.001); therefore, a fraction only (maximally 0.2%) of the hydroxide surface sites is required to retain As. The original soil As concentration was not affected significantly by addition of the radiotracer, and the measured K D values reflect the natural solid-liquid distribution of AsO 4 of the selected samples. The increased retention of AsO 4 at increasing soil depth was not primarily explained by the sorption capacity of the soil, quantified by Fe ox and Al ox , but by a decrease in organic carbon concentration at increasing soil depth. The experimental addition of OM confirmed the effect of adsorbed organic matter on AsO 4 adsorption. Gustafsson & Jacks (1995) also reported a strong increase in AsO 4 K D values with increasing soil depth, up to 50 000 l kg -1 . In their study, log 10 -transformed K D values were strongly negatively correlated with pyrophosphate-extractable organic C concentrations.
In our study, no As speciation was measured. In Gustafsson's (2006) study, no dissolved As(III) was detected during As(V) adsorption experiments on native and OM-amended samples. Bauer & Blodau (2006) measured traces of As(III) after 24 hours incubation in OM-amended soil samples, but this represented a small fraction only of the total As mobilized (5.5%). Both studies conclude that competition and electrostatic effects are the main mechanisms that explain decreased AsO 4 adsorption when the soil OM increases, whereas increased mobilization caused by As(V) reduction to As(III) is of minor importance.
Organic matter reactivity
Our model calculations suggest that saturated binding of reactive OM occurs in soil with OC concentrations > 10 g OC kg -1 , at a maximum molar ratio of reactive OM and Fe and Al hydroxides of ∼ 0.34 ( Figure 5b ). As discussed above, the maximum calculated OM loading (i.e. the amount of OM bound on the reactive surface) was equivalent to 56% of the maximum site density of the oxide fraction (Equation (5)). This calculated extent of cover of surface sites with OM is almost equal to the maximum value for the relative molar surface loading of OM, defined as the ratio of calculated OM loading and the sum of the OM and PO 4 loading that Hiemstra et al. (2010) identified in soil with large organic matter content. In such soil, the majority of the sorption sites are occupied by RO − and PO 4 . The apparent saturation of RO − illustrates the relatively low affinity of RO − ligands compared with those of PO 4 , the high affinity ions are difficult to remove completely from the surface sites.
The relation between RO − and OC in Figure 5 (a) shows that the average number for the adsorbed OM species is 1.3 ± 0.15 mmol RO − g -1 OC. To convert to a corresponding amount of adsorbed carbon, information about the number of carbon atoms per adsorbed OM species (RO − ) is required. In our modelling approach, one carboxylic group that forms an inner sphere complex per FeOH site was used, thus 1.3 ± 0.15 mmol C g -1 OC = 0.016 ± 0.002 mol C mol -1 OC. This average amount of reactive carbon in functional groups is well below the typical density for carboxylic groups of humic acids (HA), which varies between 0.04 and 0.08 mol mol -1 OC (Stevenson, 1994; Hiemstra et al., 2013) . It indicates that the surface binds a fraction of the OM functional groups only, while the remaining part stays unbound. Hiemstra et al. (2013) suggested that at a very small OM loading only (0.2 μmol C sorbed m −2 ), HA molecules are bound dominantly near the surface in the compact part of the electrical double layer.
Recently, Van De Vreken et al. (2016) showed that the OM present in the silt and clay fraction of agricultural topsoil was related to the Fe ox + Al ox concentration in these fractions. This association suggested that an organo-mineral association promotes the potential for soil carbon sequestration. The total amount of OC associated was 15.3 mol OC per mol (Fe ox + Al ox ). The average RO − fraction (0.016 mol C mol -1 OC) given above, which is bound directly as an inner sphere complex, results in a molar ratio of reactive Figure 5b ). This correspondence is striking given the different and independent approaches used in both studies (i.e. a modelling approach and a survey across different types of soil).
In the OM-amended samples, reactivity of the added OM (i.e. ΔRO − g -1 ΔOC) was greater in samples with small initial OC than in samples with large initial OC concentrations (Table 3) . This underpins the idea that fewer OM functional groups, per g OC adsorbed, can bind with Fe and Al hydroxides when the OC concentrations increase. The Suwannee River OM added has a higher carboxylic acidity than our average OM reactivity; that is, 11 mmol charge g -1 C (nominal data provided by the International Humic Substances Society) compared with 1.3 mmol RO − g -1 OC, respectively. The model calculation, however, showed that the added OM did not react more strongly than the 'native' OM in three out of four OM-amended soil samples (Table 3 ). In contrast, Gustafsson (2006) found that reactivity of added compared with native OM was five times greater, but one soil sample only was amended with OM in that study. The OM concentration might be more important than its quality in determining the reactive OM fraction.
Practical recommendations for modelling
Six scenarios were tested to predict K D values of AsO 4 , namely (i) OM disregarded in the geochemical model, (ii) reactive OM added with an average reactivity of 1 mmol g -1 OC, reported in the literature, (iii) reactive OM added with an average reactivity of 1.3 mmol g -1 OC, calculated from our fitted data (Figure 5a ), (iv) reactive OM calculated by our empirical equation with measured OC, Fe ox and Al ox concentrations to give RO − = {0.15 × OC/(1 + 0.44 × OC)} × (Fe ox + Al ox ) (Figure 5b ), (v) reactive OM fitted for each sample and (vi) use of the constructed statistical model (i.e. log 10 K D = 3.7 -1.3 × log 10 OC + 0.9 × log 10 Fe ox ) (Equation (4)). The results (Table 4) 
Conclusions
This research emphasizes the effect of organic matter on the adsorption of AsO 4 in soil, and underpins the importance of incorporating reactive OM into surface complexation models for oxides. Statistical models calibrated on topsoil are not sufficient to predict As mobility in subsoil; mechanistic models are required to describe the vertical transport of AsO 4 in soil. Our results showed that the molar ratio of reactive organic matter and Fe and Al hydroxides levels off at ∼ 0.34 at OC concentrations > 10 g kg -1 . This could be incorporated into mechanistic modelling to estimate the OM competition with AsO 4 and PO 4 adsorption, but there is a need to find experimental approaches that quantify the fraction of surface reactive organic matter.
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